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We discuss a field theoretical framework to describe the interactions of non-thermal quantum
black holes (QBHs) with particles of the Standard Model. We propose a non-local Lagrangian to
describe the production of these QBHs which is designed to reproduce the geometrical cross section
pir2s for black hole production where rs is the Schwarzschild radius. This model is implemented into
CalcHEP package and is publicly available at the High Energy Model Database (HEPMDB) for
simulation of QBH events at the LHC and future colliders. We present the first phenomenological
application of the QBH@HEPMDB model with spin-0 neutral QBH giving rise the e+e− and eµ
signatures at the LHC@8TeV and LHC@13TeV and produce the respective projections for the LHC
in terms of limits on the reduced Planck mass, MPL and the number of the extra-dimensions n.
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2I. INTRODUCTION AND MODEL SETUP
Realising that the Planck mass [1–5] may not be around 1019 GeV but that it is a model dependent quantity which
could even be as low as a few TeVs has had a considerable impact in particle physics. One of the most amazing
signatures of these models would be the creation of small black holes at colliders [6–10] or in the scattering of cosmic
rays [11–18] in the upper atmosphere of our planet. While it is now well appreciated that semi-classical black holes
cannot be produced at the LHC because this collider is not energetic enough even if the Planck mass is at a few TeVs
[19], the possibility remains to produce non-thermal quantum black holes [10].
While the semi-classical black holes, which have been extensively studied [6–9, 11–14, 18, 20–22], have masses
between 5 to 20 times larger than the Planck scale and are thus thermal objects, most quantum black holes are
those with masses of the order of the Planck scale. They will thus be non-thermal objects and their decomposition
is thus not expected to be well described by Hawking radiation. They will rather explode into just a few particles
resembling strong gravitational re-scattering. It is thus tempting to treat them as particles with a mass and carrying
the quantum numbers of the particles which created them. In a proton collider, there will be quarks and gluons. The
aim of this paper is to extend the work presented in [23] where a field theoretical model to describe the interactions
of non-thermal quantum black holes with the particles of the standard model was proposed. This framework assumes
that quantum black holes can be treated as quantum fields, i.e. they are classified according to representations of
the Lorentz group. Furthermore, they are classified according to their transformations under the gauge groups of the
standard model. This fixes their interactions with matter.
In a proton-proton collider, quantum black holes would be produced from the collisions of quarks and gluons if the
Planck scale is low enough. We are thus particularly interested in the quantum black holes carrying QCD and QED
quantum numbers and with spins 0,1/2 and 1 since these should be the lowest lying states. We shall treat the mass
spectrum as being discrete. Generically speaking, quantum black holes form representations of SU(3)c and carry a
QED charge. The process of two partons pi, pj forming a quantum black hole in the c representation of SU(3)c and
charge q as: pi+pj → QBHqc is considered in [10]. The following different transitions are possible at a proton collider:
a) 3× 3 = 8+ 1
b) 3× 3 = 6+ 3
c) 3× 8 = 3+ 6+ 15
d) 8× 8 = 1S + 8S + 8A + 10+ 10A + 27S
Most of the time the black holes which are created carry a SU(3)c charge and come in different representations of
SU(3)c as well as QED charges. This allows the prediction of how they will be produced or decay. The aim of this
work is to propose a framework to describe these interactions. We shall assume that the cross section for quantum
black holes can be extrapolated from the classical and semi-classical cases, i.e. that it is given by the geometrical
formula (see e.g. [20, 21])
σ = pir2s (1)
where rs is the four-dimensional Schwarzschild radius
rs(s,MPL) =
√
s
4piM
2
PL
, (2)
where s is the invariant mass of the colliding particles, which upon exceeding the reduced Planck mass, MPL creates
the respective QBH. Therefore, in terms of s and MPL, the cross section of the QBH production takes a form
σ =
1
16pi
s
M
4
PL
Θ(
√
s−MPL) (3)
where we have assumed that the threshold mass for quantum black holes is identified with the Planck mass. Note that
the quantum black holes described here are assumed to have a continuous mass spectrum despite some indications
that their mass spectrum could be discrete [24]. Since we are considering a continuous mass spectrum we have to
assume that quantum black hole couplings to long wavelength and highly off-shell perturbative modes are suppressed
3[10]. Otherwise their contribution to low energy observables such as KL decays would have been noticed a long time
ago. Note that there are no such constraints if the mass spectrum of quantum black holes is indeed discrete [25].
We shall first reconsider the production of spinless quantum black holes in the collisions of two fermions (quarks
for example with the appropriate colour factor). We start with the Lagrangian
Lfermion+fermion =
c
M
2
PL
∂µ∂
µφψ¯1ψ2 + h.c. (4)
where c is the (non-local) parameter we will use to match the semiclassical cross section, MPL is the reduced Planck
mass, φ is a scalar field representing the quantum black hole, and ψi is a fermion field. The cross section for φ
production is:
σ(2ψ → φ) = pi
s
|A|2 δ(s−M2BH) (5)
where MBH is the mass of the black hole, s = (p1 + p2)
2 and p1,p2 are the four-momenta of ψ1 ψ2. We find
|A|2 = s2 c
2
M
4
PL
[s− (m1 +m2)2] (6)
where m1 and m2 are the masses of the fermions ψ1 and ψ2. We now compare this cross section with the geometrical
cross section. If we use the representation for the delta-function written in the form of the Poisson kernel,
δ(s−M2BH) =
ΓMBH
pi[(s−M2BH)2 + Γ2M2BH ]
(7)
where Γ is the decay width of φ, we find:
c2 =
9
4
4s
3
2 − 8sMBH + 4
√
sM2BH +
√
sΓ2
Γpi[s− (m1 +m2)2] (8)
Finally Γ can be calculated using the Lagrangian (4) as:
Γ =
c2
8pi
MBH
√
(M2BH − (m1 +m2)2)(M2BH − (m1 −m2)2)
M
4
PL
(9)
We can thus find an expression for our non-local parameter c by inserting Γ into the expression for c (8). In the case
m1 = m2 = 0, one has a remarkably simple expression:
c2 =
8piM
4
PL(s−M2BH)
M3BH
√
128pi2M
4
PLs−M6BH
(10)
One can see that non-local behaviour of the c-coupling is quite non-trivial – it actually compensates the Breit-
Wigner behaviour of the squared matrix element which would appear in case of constant c and leads to the expected
s-dependence of the cross section from Eq.(3). It is important to realize that the QBH does not appear as a resonance
since its parton level cross section is constructed to reproduce the semi-classical cross section as a function of s. With
this in mind, we have also found an alternative approach to the construction of the QBH Lagrangian. If we recall
that the Lagrangian for the four-fermion interactions
Lcont = gc
Λ2
ψ¯iψiψ¯jψj (11)
provides the squared matrix element for ψ¯iψi → ψ¯jψj scattering,
|M |2 = g
2
c
Λ4
(12)
and the respective total ψ¯iψi → ψ¯jψj cross section (neglecting the fermion masses)
σ =
1
16pis
|M |2 = g
2
c
16pi
s
Λ4
, (13)
4then after comparison with Eq.(3), we can immediately see that Eq.(3) can be reproduced by 4-fermion interactions
with gc = 1 and Λ = MPL. In case of different fermion species involved in 2 → 2 process of the QBH production
and decay, gc will include the respective number of degrees of freedom to correctly reproduce the QBH branching
fractions. In the scenario under study we consider the case of spin-0 neutral QBH production which preserves
SU(3)× SU(2)× U(1) gauge invariance but does not conserve flavour. We wish to emphasise that we are here only
considering colourless quantum black holes which explains why our branching ratios are different from those of [3]
(see also [26]). We have found that the most elegant and practical way to express these contact interactions is to use
the auxiliary, non propagating scalar field, X which enters the following Lagrangian
LXcont = gc

 ∑
leptons
ψ¯ℓiψ
ℓ
jX +
∑
quarks
ψ¯qi ψ
q
jX

 , (14)
where i, j are lepton and quark flavour indices, propagator of “contact” X field is i
M2
PL
, gc = (nl + 3nq)
−1/4 is the
normalisation factor accounting number of lepton, nl = 9 and quark, nq = 18 combinations, including the quark
colour factor. This Lagrangian exactly reproduces the cross section of the spinless neutral QBH production and
decay in the 2→ 2 fermion process as a function of s at the parton level (up to the multiplicative trivial form-factor
FF = Θ(
√
s−MPL)).
Our results could be generalised easily to the case of initial state particles with different spins and colours for which
the approach of the contact interactions also works successfully as one can check using dimensional analysis approach.
The result can be also generalised to the case of higher dimensional quantum black holes for which the Schwarzschild
radius is given by (see e.g. [6])
rs(s, n,MPL) = k(n)M
−1
PL(
√
s/MPL)
1/(1+n) (15)
where n is the number of extra-dimensions, MPL the 4+n reduced Planck mass and k(n) reads
k(n) =
(
2n
√
pi
(n−3)Γ((3 + n)/2)
2 + n
)1/(1+n)
. (16)
The respective form factors for the case of n-dimensions which should be introduced for the parton-level cross section
to reproduce the correct cross section from the Lagrangian with contact interactions (14) is
FF = (4pik(n))
2
(
MPL√
s
) 2n
1+n
Θ(
√
s−MPL). (17)
Here the case n = 0 corresponds to 4-dimensional models with low scale quantum gravity [3–5], n = 1 to Randall
Sundrum [2] brane world model1 and n ≥ 2 to ADD model [1]. Note that there are astrophysical constraints on
n = 2, 3, 4 ADD which shift exclude a Planck mass in the few TeV region, it is however interesting to consider
bounds from QBHs which are independent of those coming from Kaluza Klein modes which lead to the astrophysical
constraints.
II. PHENOMENOLOGY OF THE QBHS AT THE LHC
To study the phenomenology of the QBHs production we have implemented interactions given by Eq.(14-17) into
CalcHEP software package [27] as a QBH model which is publicly available at the High Energy Physics Model
Database (HEPMDB) [28] under the link http://hepmdb.soton.ac.uk/hepmdb:1113.0146. We also would like to
note an important feature of CalcHEP which allows the implementation of non-trivial form factors at the user level
which was one of the key points in the implementation of this model. We emphasise that the Lagrangian we are
proposing to describe the interactions of quantum black holes with particles of the Standard Model should not be
regarded as an effective theory in the usual sense, it is rather an effective manner to describe the interactions of these
black holes with usual particles.
1 Note that will treat the Randall Sundrum quantum black holes as ADD ones with n = 1. While the cross section for semi-classical black
holes in the case of RS differs from that obtained using the Schwarzschild metric [19], this is an unnecessary refinement for quantum
black holes whose quantum geometry is anyway very poorly understood.
5This model is publicly available at HEPMDB which provides HEP community with a new QBH Monte-Carlo (MC)
generator (QBH@HEPMDB), and is an alternative to existing BlackMax [9] and QBH [29] MC generators. We
would like to stress that QBH@HEPMDB model is available for download and allows (at HEPMDB website or using
CalcHEP locally) to evaluate cross sections and generate parton-level events in generic Les Houches Event (LHE)
format [30] which can be independently used in subsequent analysis using various general purpose MC generators and
detector simulation software. In this paper we present the first phenomenological application of the QBH@HEPMDB
model with spin-0 neutral QBH [QBH(0,0)] to e+e+ and eµ signature at the LHC@8TeV and LHC@13TeV. We
produce the respective projections for the LHC to probe QBH parameter space. The model can be easily extended
for QBHs with other charges and spins using the same approach as described above. In our calculations we have used
CTEQ6L[31] parameterisation for the parton density functions (PDFs) while the QCD scale was fixed to MPL. The
parameter space of the model under study is the reduced Planck mass, MPL, which sets the threshold for the QBH
production as well the number of the extra-dimensions n.
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FIG. 1: The cross section of pp → QBH(0, 0) → e−µ+(+e+µ−) process at the LHC for 8 TeV (left) and 13 TeV (right)
centre-of-mass energy pp collisions. Upper row: cross section versus MPL, bottom row: cross section versus n.
We start by presenting the QBH production cross section in Fig. 1 where the cross section versusMPL (upper row)
and versus n (bottom row) is given for pp → QBH(0, 0) → e−µ+(+e+µ−) process at the LHC for 8 TeV (left) and
13 TeV (right) centre-of-mass energy pp collisions. The respective specific numbers for the cross section are given in
Table I. Note that the cross section for pp→ QBH(0, 0)→ e−e+ production is a factor of two smaller because of the
respective QBH branching ratio. One can observe a big difference in cross sections between effective four-dimensional
6MPL (TeV) n=0 n=1 n=2 n=3 n=4 n=5 n=6
LHC@8TeV
1.0 32.3 782. 2760. 5730. 9370. 13500. 18100.
2.0 0.235 6.60 24.5 51.8 85.7 124. 166.
3.0 0.00388 0.116 0.439 0.939 1.56 2.28 3.06
LHC@13TeV
1.0 177. 373. 12800. 26000. 42200. 60500. 80400.
2.0 3.11 79.7 286. 596. 980. 1420. 1890.
3.0 0.161 4.48 16.5 34.8 57.4 83.5 112.
TABLE I: The cross section for pp → QBH(0, 0) → e−µ+(+e+µ−) process at the LHC in fb for 8 TeV and 13 TeV centre-of-mass
energy pp collisions for MPL=1,2,3 TeV and n=1-6.
case (n = 0) and higher dimensional theories, for which the cross section of QBH production can be three orders
of magnitude higher as, for example, for n = 6 case, when the cross section driven by the factor (17). The cross
section dependence as a function of n is explicitly presented in the bottom row of Fig. 1 for three fixed values of
MPL = 1, 2, 3 TeV. One can note that the steep cross section drop as a function of MPL is defined by PDFs and
reaches 0.1 fb around MPL = 2 TeV for n = 0 and around MPL = 4 TeV for n = 6 at the LHC@8TeV. At the
LHC@13TeV the cross section reaches 0.1 fb around MPL = 3 TeV for n = 0 and around MPL = 6 TeV for n = 6.
Let us note that 0.1 fb cross section level is the typical sensitivity which is expected at 20 fb−1 at LHC@8TeV or 30
fb−1 at LHC@13TeV (first year run) luminocities providing respectively few events which under assumption of the
negligible background allows to establish exclusion at the 95% CL. It is worth discussing the shape of the kinematical
distributions from QBH(0,0) decay products. In Fig. 2 we present eµ invariant mass distribution for different n
for LHC for 8 TeV (left) and 13 TeV (right) and MPL = 1(left) and 2 TeV (right). Results are presented for the
same normalisation to compare the shapes of the distributions for different n. The signal shape exhibits a threshold
production nature and driven primarily by steeply falling PDFs. It is qualitatively different from a Breight-Wigner
shape of resonances, e.g. Z ′ bosons, appearing in various BSM models different from QBH ones. One can observe the
shape difference between different extra-dimensional models and the effective four-dimensional theory. Moreover, the
more phase space is available, the bigger difference in the high invariant mass tail which drops faster for larger number
of extra dimensions. This is actually what one can expect recalling the energy dependent nature of the form-factor
given by Eq.(17). So, n = 02 distributions has the slowest Meµ dependence which sharpens with the increase of n
driven by Eq.(17). One can see that in the large n limit the parton level asymptotically becomes less and less s
dependent, so Meµ distributions become similar and are defined by rapidly falling PDFs. One should also note that
all Meµ distributions, exhibit a clear step at the QBH production threshold and are qualitatively different from the
resonant Breit-Wigner shape. Therefore in our analysis of the LHC sensitivity to the QBH parameter space, we set
a lower Meµ cut rather than a mass-window cut.
Lets turn now to pℓT distribution presented in Fig. 3. One can see that the difference between transverse momentum
distributions is clearly connected with s dependence of Eq.(17) and eventually correlated with differences in Meµ
distributions. At the same time it is worth noting that the difference in the high energy tail distribution will not
visibly affect acceptance/selection cuts as we discuss below. Finally lets take a look at the pseudorapidity distributions
in bottom left frame of Fig. 4 which demonstrate that ηℓ distributions are very similar for the scenarios with different
n. Looking at Fig.2-4 one can conclude that in spite of the differences for certain kinematical distributions for different
n for high values of Mµe and P
e,µ
T , one can expect a very similar acceptance efficiency for these models, since all of
them provide high PT leptons (with PT far above the acceptance cuts) with a very similar rapidity distributions.
We have also performed signal vs background analysis for the QBH(0,0) production at the LHC decaying into e+e−
and eµ final states. The main backgrounds for the e+e− signature are pp→ e+e− Drell-Yan (DY) process, as well as
t¯t and W+W− pair production. The rate of these backgrounds together with the signal rate for MPL = 0.5, 1 and
2 TeV is presented in Fig. 5(left) for Me+e− invariant mass distribution. The QBH signal is shown for n = 0 case.
One can see the dominat DY background is below the signal, but non negligible for not very high QBH masses. At
the same time DY background is absent in case eµ signature, as shown in Fig. 5(right). One can also see that in case
of this signature t¯t and W+W− backgrounds are negligible, so LHC potential to probe this signature purely depends
on the signal rate which is defined by MPL and n parameters. Analogous distributions are presented in Fig. 6 for
2 Note that the limit for n = 0 obtained here does apply to the specific models described in [3–5] since these models have large hidden
sectors and neutral quantum black holes would decay massively in the particles of the hidden sector. However, charged black holes,
which are not considered here, would decay into standard model particles.
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FIG. 2: Invariant mass of eµ distribution for different n for LHC for 8 TeV (left) and 13 TeV (right) and MPL = 1(left) and 2
TeV (right). Results are presented with the same normalisation
LHC@13 TeV exhibiting qualitatively the same pattern for signal and backgrounds for the e+e− and eµ signatures
under study.
At the final step we estimate sensitivity of the LHC@8 and 13 TeV to the signatures from QBH under study and
estimate the respective limits in case if signal is not observed. In our analysis though we restrict ourselves to the study
at parton-level and do take into account realistic electromagnetic energy resolution, using a value of 0.15/
√
E(GeV),
which is typical for the ATLAS and CMS detectors and require |ηµ,e| < 2.5 and pe,µT with respect to the acceptance
cuts. We also suggest the simple analysis cut to be Meµ(Mee) > 1.1×MPL, noting that the acceptance efficiency will
be very similar for different n models. In Fig. 7 we present the signal significance for QBH signatures under study at
the LHC. For both criteria, exclusion and discovery, we use the following formula for statistical signal significance α
as [32]
α = 2(
√
NS +NB −
√
NB) (18)
and require α ≥ 2 for exclusion region and α ≥ 5 for the discovery region. The NS(B) = σS(B)L denotes the number
of signal (background) events for an integrated luminosity L. The figure presents results for LHC@8 (20 fb−1) and
13 TeV (30 fb−1) for n = 0 and 6 as two extreme cases for the range of n under study. The
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FIG. 3: pℓT distribution for different n for LHC for 8 TeV (left) and 13 TeV (right) and MPL = 1(left) and 2 TeV (right).
Results are presented for the same normalisation
The respective MPL exclusion and discovery limits for LHC@8 and 13 TeV for n = 0 and n = 6 scenarios are
presented in Table II. One can see that for n = 0 the LHC@8TeV the limit on MPL @95% CL is only about 1.92 TeV
for e+e− signature and 2.24 TeV for eµ one, while the respective discovery numbers are 1.55 and 1.81 TeV respectively.
The LHC@13TeV in the first year will be able to improve limits and coverMPL @95% CL up to 3.36 TeV with e
+e−
signature and up to 3.78 TeV with eµ, and discover QBH with MPL up to 2.79 and 3.18 TeV respectively. At the
same time the for n = 6 for which the QBH production cross section is about 3 orders of magnitude higher, the LHC
reach is much more impressive. For example, with eµ signature LHC@8 will be able to exclude MPL < 3.68 TeV
@95% CL or discover QBH with MPL < 3.30 TeV. Analogous numbers for LHC@13TeV are even more exciting –
it would be able to probe MPL < 5.75 TeV or discover the eµ signal for MPL < 5.10 TeV. In is worth noting that
though our analysis reproduces quite well recent ATLAS results on QBH search at LHC@8TeV [33], which stated the
3.65 TeV limit for n = 6 case for e+e−+µ+µ− signatures. Since the signal cross section for this signature equal to the
cross section for the eµ signal while background is negligible, the limits are expected to be the same for both cases.
The respective limit from our study is 3.67 TeV which is in a very good agreement with the above on from ATLAS.
We should also mention that the signal cross section, quoted by [33] for n = 6 case agrees within 10% with the cross
section we found in our paper. Therefore we can also conclude about the successful validation of our generator and
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FIG. 4: Pseudorapidity of lepton distribution for different n for LHC for 8 TeV (left) and 13 TeV (right) and MPL = 1(left)
and 2 TeV (right). Results are presented for the same normalisation
analysis for the LHC@8TeV.
III. CONCLUSIONS
We discuss a field theoretical framework to describe the interactions of non-thermal QBH with particles of the
Standard Model and propose a non-local Lagrangian to describe the production of these QBH which is designed
to reproduce the geometrical cross section pir2s for black hole production. We have implemented this model into
CalcHEP and it is publicly available at the High Energy Model Database for simulation of QBH events at the LHC
and future colliders. This model, QBH@HEPMDB is an effective independent tool for QBH phenomenological and
experimental explorations. Detailed comparison of QBH@HEPMDB with analogous tools on the market requires
dedicated work which we plan to perform in the nearest future. In this paper we present the first phenomenological
application of the QBH@HEPMDB model with spin-0 neutral QBH giving rise the e+e− and eµ signatures at the
LHC@8TeV and LHC@13TeV and produce the first respective projections in terms of limits on the reduced Planck
mass, MPL and the number of the extra-dimensions n. In particular we found that among two signatures, eµ one
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for LHC@8TeV
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FIG. 6: Invariant mass distributions for e+e− (left) and eµ (right) QBH signatures (n = 0 case) and the respective backgrounds
for LHC@13TeV
provides the best LHC reach since it is free of DY background. We have successfully validated our generator and
exclusion limits against recent ATLAS results for n = 6 case. We found that with eµ signature, for number of
extra-dimensions, n, in the range of 0-6, the LHC@8 will be able to probe the respective range of 2.2-3.7 TeV of the
reduced Planck Mass MPL. We have also produced new projections for LHC@13 and found that even in the first
year of operation with 30fb−1 the range 3.8-5.8 TeV of MPL at 95%CL can be probed. The respective discovery
range of LHC@13 is 3.2-5.1 TeV for MPL.
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LHC@8TeV LHC@13TeV
CL n e+e− eµ e+e− eµ
95%CL 0 1920 GeV 2240 GeV 3360 GeV 3780 GeV
5σ 0 1550 GeV 1810 GeV 2790 GeV 3180 GeV
95%CL 6 3540 GeV 3680 GeV 5510 GeV 5750 GeV
5σ 6 3140 GeV 3300 GeV 4850 GeV 5100 GeV
TABLE II: MPL exclusion and discovery limits for LHC@8 and 13 TeV for n = 0 and n = 6 scenarios.
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FIG. 7: Signal significance for QBH e+e− and eµ signatures as a function of MPL
for n = 0 and 6 at the LHC@8 and 13 TeV.
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